A proposal to detect vortices above the superconducting transition temperature 
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We propose a simple experiment to determine whether vortices persist above the superconducting 
transition temperature Tc in the pseudogap phase of high temperature cuprate superconductors. 
This involves using a magnetic dot to stabilize a vortex in a thin cuprate film beneath the dot. 
We calculate the magnetic field profile as a function of distance from the dot if a vortex is present, 
and discuss possible measurements that could be done to detect this. Finally, we comment on the 
temperature range where a stable vortex should be observable. 

PACS numbers: 74.25.Ha, 74.72. Kf, 74.78.-w 



The superconducting order parameter is defined 
through its amplitude and phase. In conventional su- 
perconductors, phase fluctuations are relatively unimpor- 
tant because of their large energy cost with respect to 
the Cooper pair binding energy. This ratio appears to 
be reversed for underdoped cuprates as they are doped 
Mott insulators.ni The reduced screening which resuhs 
from this resembles the situation in thin superconduct- 
ing films. 121121 

Vortices are topological objects defined by zeros of the 
order parameter that are created by winding of the phase. 
Their existence in superconductors requires a well defined 
amplitude of the order parameter outside the vortex core, 
which is certainly satisfied below the transition temper- 
ature Tc- Above Tc in conventional superconductors, the 
amplitude is non-zero in a very limited region of tem- 
peratures, whereas in cuprates this range appears to be 
much broader. A variety of experiments^ have suggested 
that this amplitude might exist all the way to the pseu- 
dogap temperature T* , a temperature much higher than 
Tc for underdoped cuprates. However, a non-vanishing 
amplitude is not a sufficient condition for vortices to be 
well defined. For instance, in Kosterlitz-Thouless theory, 
the free vortex density above Tkt rapidly increases with 
temperature:^ Once the vortices begin to overlap at some 
temperature T^, they become ill defined, and for temper- 
atures above this it is expected that a gaussian picture 
for the fluctuations should be an adequate description. 

This issue has received renewed significance with the 
observation of a large Nernst signal in the pseudogap 
phase of cuprates that extends well above Tc^ Given that 
vortices are the origin of the large Nernst signal below 
Tc, is their presence necessary to explain the large signal 
that persists above Tci^ This is especially relevant given 
the strong Nernst signal one estimates from a gaussian 
approximation for the superconducting fiuctuations.'^"^ 
This question is further complicated by the observation 
that density wave reconstruction of the Fermi surface in 
the pseudogap phase might give rise to a substantial part 
of the Nernst signal .^^ 

In this paper we propose a simple hybrid systerrP^li^ 
that could resolve the question about vortices in the pseu- 
dogap phase. This consists of a thin superconducting 
cuprate film and a small ferromagnetic dot placed on top 




FIG. 1: Magnetic dot on a superconducting film with a per- 
manent magnetization A/ perpendicular to the film. A is the 
Pearl penetration depth of the film. 



of the film (Fig. IT]). The magnetization of the ferromag- 
netic dot generates a magnetic field that penetrates the 
superconductor. As a response to that field, supercur- 
rents and (under certain conditions) vortices are induced 
in the film.lSI The dot produces a potential well for the 
vortices. When this well is deep enough (i.e. for large 
enough magnetization), and the temperature is not too 
high, the well can trap a vortex. The presence of the 
vortex can be detected by measuring the magnetic field 
at the surface of the film. 

We now introduce the parameters of the hybrid sys- 
tem. We model the magnetic dot as a cylinder having 
a radius R, a height a and a magnetization M that is 
directed perpendicular to the film (Fig. [I]) . The film has 
a London penetration length Al, a coherence length f 
and a thickness d. When d <^ Xl, the current density of 
the film is essentially uniform along the film thickness.'^ 
Then the effective (Pearl) penetration length A = Xj^/d 
characterizes the magnetic response of the film. In the 
following we consider the situation where A 3> -R > a. 
The magnetic field in the film is parallel to M under the 
dot and becomes antiparallel outside. A s ufficie ntly large 
M can create a vortex underneath the dot ,'i^'^ when the 
attractive vortex-magnet interaction overcomes the vor- 
tex creation energy. The interaction energy between a 
vortex (under the center of the dot) and the dot is^^ 
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where (f>Q is the magnetic flux quantum. The interac- 
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FIG. 2: The radial dependence of the perpendicular magnetic 
field along the surface of the film when a single vortex is 
induced underneath the magnetic dot. The total field (solid 
curve) is a sum of the contributions due to the dot (dashed 
curve) and the vortex (dotted curve). 



tion energy (fTl) may be understood as a product of the 
magnetic moment of the dot /i = irMR^a and the aver- 
age magnetic field produced by the vortex; the latter is 
equal to the flux of the vortex through the dot (f)oR/{2\) 
divided by the surface area ttR^ of the base of the dot. 
The single vortex energy is 



^^-16^1^? 
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under the condition that the typical film dimension L is 
smaller than A. This is the limit of dirty superconduct- 
ing films that have a large penetration length.E^ In the 
opposite case of large films, vsrhen L ^ A, one would have 
2.25A instead of L in Eq. ^. Now the condition for the 
creation of a single vortex in the film is 



M > Mc 
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which is obtained by requiring that the total energy 
Umv + Uy is negative. We should emphasize that for mag- 
netic moments much larger than ^c, there is a diversity 
of vortex-antivortex configurations that can be induced 
in the film.^^ In the following we are interested in the 
parameter range where only a single vortex exists under 
the dot, i.e. we consider a magnetic dot with a magnetic 
moment near /Zc. 

The simplest way to detect the presence of a vortex 
would be to measure the total magnetic fiux, for instance 
by a scanning SQUID probe.^ The additional contribu- 
tion of the vortex for a typical sized SQUID loop would 
result in a substantial fraction of 4>q (^ 0o/2 for a loop 
radius of order A) . The background fiux associated with 
the dot would be easily detected by going to a temper- 
ature significantly higher than Tc (we assume that the 
magnetization of the dot is T independent for tempera- 
tures of order Tc). 

More information can be obtained from the spatial pro- 
file of the magnetic field close to the film.^Sl The total 
magnetic field is a sum of contributions due to the field 
of the dot, the supercurrents and the vortex. The contri- 
bution from the supercurrents is subleading for large A. 



Therefore, the magnetic field perpendicular to the film 
at a distance p (a, i? <C p <C A) from the center of the 
dot along the film surface is (Fig. [2]) 
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The first term is simply the dipolar magnetic field from 
the dot, while the second one is the field produced by the 
vortex. We see that the vortex acts to diminish the dot 
field. This can be exploited to detect the presence of the 
vortex. Given that the cuprates have a coherence length 
of order 20 A and a London penetration depth of order 
2000 A [Ref. "517 , we would suggest a dot size with radius 
of order 200 A. For a typical A of order a micron, then the 
additional magnetic field due to the vortex near the edge 
of the dot would be around 100 G. More interestingly, the 
total magnetic field at the film surface should change sign 
at a distance pc — \/47rA/i/0Oj or, taking the minimal 
magnetic moment that induces a single vortex ([3|, 
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which has a value of order the London penetration depth. 
Beyond this, the total field is opposite to that of the dot 
field, with a maximum at a distance \/ipc- The value 
of the field at this maximum scales like the inverse cube 
of the London penetration depth. For the parameters 
mentioned above, one obtains a field value of about 2 G. 
The change in the inhomogeneous field profile due to the 
vortex could potentially be detected from a change in the 
nuclear magnetic resonance^iJ or electron spin resonance 
lineshapes. In this context, we note a recent experiment 
on cuprates that detected an electron spin resonance sig- 
nal above Tc consistent with vortices.'^S The presence of 
multiple vortices (and antivortices) for dots with p, > pLc 
will obviously lead to a more complicated magnetic field 
profile. One could also consider an array of dots for vor- 
tex trapping in cuprate films. ■^■^ 

So far we have considered the zero temperature limit. 
At non-zero temperatures, thermal fiuctuations can over- 
come the pinning potential of the dot. We model the the 
dot-vortex interaction by 
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where a = p(J)o/(2ttX), noting that A implicitly depends 
on T. Calculating the partition function of the vortex, 
we obtain the free energjPH 
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The previous equation defines a characteristic tempera- 
ture 



Tf 



M0O 



47rAi?ln| 



(8) 



with the following meaning: for T <C Tp thermal fluctua- 
tions do not essentially modify the zero temperature pic- 
ture, while for T ^ Tp thermal fluctuations overwhelm 
the pinning potential of the dot. Taking into account the 
critical magnetic moment of the dot which induces a vor- 
tex [Eq. ^], we obtain Tp = 0g/(327r2A) or Tp = Tkt, 
where T^t is the temperature for a Kosterlitz-Thouless 
(KT) transition in a thin film.'' ^^'^^'^^ Here we have made 
the reasonable assumption L ^ i?, ^. We have not taken 
into account the effects of bound vortex-antivortex pairs, 
but knowing that in the case of films without the dot 
they only weakly renormalize A,'^' we believe that their 
contribution in the present case can also be taken into 
account through a small renormalization of A. 

This now brings us to the question raised at the begin- 
ning, that is the existence of vortices above Tc- Terahertz 
conductivity experiments on underdoped cuprates have 
been successfull y mod eled based on a dilute gas of vor- 
tices above Tkt .1^^1211 These experiments indicate that a 
finite bare phase stiffness temperature can be measured 
up to around 20K or so above Tc- This is the limit- 
ing temperature, T^, mentioned in the introduction, and 
it corresponds to a vortex density times a core area of 
order unity, with the vortex density smaller than this 
for T < Ti.'23 Since T^ is considerably smaller than 
the expected T* based on the gap amplitude, the vor- 



tices appear to be 'fa st' and 'cheap' relative to classic 
superconductors.'22Eol What this means is that the core 
radius estimated from the above condition is about 400 
A as compared to the actual core radius of 20 A^ This 
implies a large 'halo' around the vortex core where the 
phase stiffness is reduced. For our purposes, this dilute 
plasma limilP is exactly the limit we want for seeing an 
isolated vortex under the dot (for a dot size of order 200 
A) that would not be perturbed too significantly by the 
presence of free vortices above Tkt- As the free vor- 
tex density depends exponentially on temperature, di- 
luting the free vortices to be even further apart to re- 
duce their perturbation still results in temperatures near 
Tl. For T > Tl, the dilute plasma limit is no longer 
valid, and the observation of 'pseudo-vortices' by our 
proposed experiment would not be possible. The tem- 
perature range between Tc and Tj, could be expanded by 
suppressing Tc, for instance by stripe order. This occurs 
for Lai.875Bao.i25Cu04, where indeed strong KT signa- 
tures have been reported.l^Il 
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